This study aimed to investigate the association between meteorological-related risk factors and bacillary dysentery in a subtropical inland Chinese area: Changsha City. The cross-correlation analysis and the Autoregressive Integrated Moving Average with Exogenous Variables (ARIMAX) model were used to quantify the relationship between meteorological factors and the incidence of bacillary dysentery. Monthly mean temperature, mean relative humidity, mean air pressure, mean maximum temperature, and mean minimum temperature were significantly correlated with the number of bacillary dysentery cases with a 1-month lagged effect. The ARIMAX models suggested that a 1 C rise in mean temperature, mean maximum temperature, and mean minimum temperature might lead to 14.8%, 12.9%, and 15.5% increases in the incidence of bacillary dysentery disease, respectively. Temperature could be used as a forecast factor for the increase of bacillary dysentery in Changsha. More public health actions should be taken to prevent the increase of bacillary dysentery disease with consideration of local climate conditions, especially temperature.
INTRODUCTION
Bacillary dysentery, a diarrheal disease caused by different species of Shigella bacteria, including S. dysenteriae, S. flexneri, S. boydii, and S. sonnei, 1 is a major public health issue in many countries in the world. Typical clinical characteristics of bacillary dysentery include fever, stomachache, and uncontrolled loose or watery stools containing visible red blood. 2 The transmission of bacillary dysentery is fecal-oral, which may involve polluted food, water, daily contact, and flies. Despite the fact that the incidence of intestinal infectious diseases has declined considerably in recent years worldwide, the incidence of bacillary dysentery remains high in developing countries. [3] [4] [5] [6] The epidemics of bacillary dysentery are most common in overcrowded populations with inadequate sanitation.
As a fecal-oral disease, bacillary dysentery can be affected by changes in ambient environment. For example, higher temperature in summer may increase the reproduction of the bacteria along the food chain and water supply. 7, 8 Rainfall, relative humidity, air pressure, and maximum speed of wind may also affect the reproduction of pathogens and the contamination of drinking water, which may increase the incidence of bacillary dysentery. 2, 7, 9, 10 However, the mechanism of the association between meteorological variables and bacillary dysentery is still far from clear, with very few studies examining the quantitative relationship between meteorological factors and bacillary dysentery.
Bacillary dysentery is one of the major public health issues in China, with 237,930 new notified cases in 2011, and it is ranked fourth among the national notifiable diseases from the Chinese National Notifiable Disease Report. The incidence of bacillary dysentery in China is higher than developed countries. Although the Chinese government has made efforts in the prevention and control of bacillary dysentery, there have been challenges in reducing the incidence of bacillary dysentery in a changing environment. Hunan Province is one of the most seriously affected provinces in the Yangtze River Region, with 213,048 non-fatal notified cases and 66 fatal notified cases from 2004 to 2010. Changsha City is one of the most seriously affected areas, and it had the highest incidence in Hunan Province from 2004 to 2010, with the highest incidence of 43.05/100,000 in 2006. The number of cases in Changsha City ranked first in Hunan Province from 2004 to 2006. It is still a big public health problem in Changsha City. There have been very few studies of the impacts of climate variations on bacillary dysentery in China.
This study aimed to examine the current situation of bacillary dysentery disease in Changsha City and explore the possible consequences caused by climate variations. We used the Autoregressive Integrated Moving Average with Exogenous Variables (ARIMAX) model to quantify the association between multiple meteorological factors and bacillary dysentery in Changsha City, a subtropical area of inland China, to provide more evidence to support decision-making for the prevention and control of bacillary dysentery in a changing climate.
MATERIALS AND METHODS
Study area. The study area was Changsha City, the capital city of Hunan Province. It is located between longitude 111 53 and 114 15 E and latitude 27 51 and 28 41 N ( Figure 1 ) along the Yangtze River watershed (southeast) of China. The city is compromised of nine counties, with a total land area of 11,800 km 2 and a population of 3,849,090 in 2010. 11 Changsha City has a typical subtropical monsoon climate, with hot and humid summers and dry and mild winters. The monthly average temperature ranges from 5 C in the winter to 38.5 C in the summer. Rainfall is typically between 30 mm in the winter to 250 mm in the summer. 12 As the capital of Hunan Province, Changsha City has a high population density of about 600 people/km 2 in 2010. 2, 7, [13] [14] [15] [16] [17] Changsha City is a more developed city than other cities in Hunan. The Bacillary dysentery is the most serious diarrhea disease in Changsha City, with 9,006 new notified cases from 2004 to 2010, which is the highest incidence in Hunan Province.
Data collection. Monthly total number of bacillary dysentery cases in Changsha City from January of 2004 to December of 2010 and the annual population were obtained from the National Notifiable Disease Surveillance System. All bacillary dysentery cases were diagnosed by clinical symptoms and serological tests. According to the National Communicable Disease Control Act, physicians in hospitals must report every case of bacillary dysentery to the local health authority. Then, the local health authority must report these cases to the next level of the Health Organization within 24 hours. 18 Therefore, it is believed that the degree of compliance in disease notification over the study period is consistent.
Monthly meteorological data over the same period were collected from the China Meteorological Data Sharing Service System (http://cdc.cma.gov.cn/home.do). One of the aims of the analysis was to explore potential climatic risk factors that may increase the risk of bacillary dysentery in the study area. Therefore, we intended to include all meteorological variables that may be related to the health outcome, even if their association has not been clarified by previous studies. Based on literature review and possible biological mechanisms of the causal relationship, the following variables were included in our analysis: temperatures, relative humidity, rainfall, air pressure, and wind speed. The reproduction of the parasites, such as flies, increases during hot and humid days. Higher ambient temperature may lead to elevated consumption of raw foods and increased outdoor recreational activity. 15 These factors contribute to a higher risk of bacillary dysentery bacteria exposure. Moreover, given that different temperature measures represent different climate variations, which may result in different impacts on the health outcome, we selected all temperature-and humidity-related factors, including monthly mean temperature calculated by daily mean temperature (MeanT), mean maximum temperature (MeanMaxT) calculated by daily maximum temperature, mean minimum temperature (MeanMinT) calculated by daily minimum temperature, and mean relative humidity (MeanH). The impact of rainfall on the transmission of bacillary dysentery has not been consistently reported. Low rainfall can be expected to interrupt water supply and contribute to poor hygiene. 10 A likely initial effect of high rainfall is to flush fecal contaminants from dwellings into water supplies, but continued rain could lead to a subsequent improvement in water quality. 10 A dose-response relationship may exist between rainfall and bacillary dysentery. Therefore, monthly total rainfall (RF) was also collected. Mean air pressure (MeanP) and maximum speed of wind (MaxW) were selected to explore whether they would affect the transmission of bacillary dysentery, because these factors have been studied before in other regions. 7, 9 Methods. Descriptive analysis for the temporal trend of the number of bacillary dysentery cases. For this study, we used sequence charts to describe the temporal trend and the distribution of the number of bacillary dysentery cases over the study period of 7 years.
Univariate analysis. Cross-correlation analyses with the consideration of potential lagged effects were applied before the multivariate regression analysis. Cross-correlation function (CCF) was performed to examine the correlation between each meteorological variable and incidence of bacillary dysentery with various lag values. 19, 20 The lag value with the maximum correlation coefficient for each meteorological factor was selected for inclusion in subsequent time series regression analysis. Up to 1 month lagged effect was examined based on results from previous studies and the biological plausibility that it may take 1 month from the time of ingestion of polluted food and water for the intestinal infectious disease to occur, diagnosis to be received, and disease notifications to be sent. 2, 10, 21, 22 Only those variables showing a significant result in the CCF analysis were selected for additional multivariate regression analysis.
Multivariate time series regression analysis. The ARIMAX models were used to quantify the relationship between meteorological factors and the incidence of bacillary dysentery. The ARIMAX model is the combination of multiple regression analysis and time series analysis, and it increases the precision of the forecast. 23 It is an extension of the Autoregressive Integrated Moving Average (ARIMA) model 24 and can examine the relationship between multiple meteorological factors and bacillary dysentery concurrently. More information can be saved by the ARIMAX model than the ARIMA model. When choosing variables to be included, there are fewer restrictions on the characteristics of the data.
The process of the model development included test of the stationarity, estimation of coefficients, and post-model evaluation, including distribution of the model residuals and goodness of fit. The model does not require the stabilization of inputted series if cointegration between meteorological variables and cases exists. 25 If the cointegration did not exist, the spurious regression might influence the analysis. Therefore, the series should be stabled, 26 and the stationarity of the data series was tested by the Augmented Dickey-Fuller Unit Root (ADF) test. 23 The coefficients of the meteorological variables with lagged effects were estimated by the ARIMAX model. 27 The model residuals were tested by the ADF test. The white noise test of residuals was also performed according to the autocorrelation plot residuals graph. 28 The forecasting ability of the model was tested by the goodness of fit between the observed and expected numbers of bacillary dysentery cases 23, 28, 29 using the mean standard error (MSE), 30 which was calculated as
Smaller MSE values show that expected incidences from the models have a better fit for the observed incidences.
Because of the high correlation between MeanT, MeanMaxT, and MeanMinT, three separated models with MeanT, MeanMaxT, and MeanMinT were set up, respectively, to avoid multicollinearity in the models. All analyses were performed by SAS, version 9.1.3 (SAS Institute Inc., USA). Variables with P 0.05 were considered to be significant in the ARIMAX models.
Ethical review. The present study was fully reviewed by the human research ethical committee of Shandong University. We were notified that the use of deidentified disease surveillance data and meteorological data did not require the oversight by an ethics committee.
RESULTS
Descriptive analysis of the temporal trend of the number of bacillary dysentery cases. In total, 9,006 live cases and no deceased cases were notified during the study period, with a mean monthly incidence rate of 2.79 per 100,000. As Figure 2 shows, in Changsha City over the period from 2004 to 2010, monthly numbers of bacillary dysentery cases varied from 27 in 2010 to 361 in 2005. The time series of the number of cases and the meteorological variables are shown in Figure 2 . There were distinctive seasonal variations, with most cases occurring from June to October (summer and autumn) and peaking in September.
Cross-correlation analysis with lagged effects. Correlation coefficients with up to 1-month lag are presented in Table 1 . Multivariate time series regression analysis. The parameters of three regression models are shown in Table 2 . Onemonth lagged effects of MeanT, MeanMaxT, and MeanMinT were included in models 1, 2, and 3, respectively. The ARIMAX models suggested that a 1 C rise in MeanT, MeanMaxT, and MeanMinT might relate to a 14.8%, 12.9%, and 15.5% increase, respectively, in the incidence of bacillary dysentery disease. The other three meteorological variables were not significantly included in these models. Figure 3 shows that almost all of the covariances are limited in two times standard error. An autocorrelation check of residuals showed randomly distributed residuals with no autocorrelation among them (Figure 3) . The observed incidences of bacillary dysentery and the predicted incidences from models 1-3 had an excellent goodness of fit, which is shown in Figure 4 , with an MSE of 1.297, 1.302, and 1.288, respectively.
DISCUSSION
Our study confirms that the temporal distribution of bacillary dysentery in Changsha City has varied over time. Most cases occurred in summer and autumn. To our knowledge, this study is the first epidemiological study to examine the impacts of meteorological factors on bacillary dysentery disease in a subtropical inland area of China using the ARIMAX model. Meanwhile, the results indicate that MeanT, MeanMaxT, and MeanMinT are key factors that contribute to the transmission of bacillary dysentery in Changsha City.
Evidence shows that, as the temperature increases, there is a corresponding increase in bacillary dysentery cases. 2, 7, 13, 16, 17 This finding is consistent with our results, showing that temperatures have positive effects on bacillary dysentery disease in Changsha City. Temperature may affect the transmission of bacillary dysentery through several pathways. [31] [32] [33] First, increasing temperature can increase the survival and replication of the pathogens in the environment. The optimum temperature for the growth of bacillus dysenteriae is 37 C. 15 The reproduction of the parasites, such as flies, also increases during hot days. 15 Second, ambient temperature can increase the chance of contamination of food sources through behavior changes during hot temperatures, such as elevated consumption of raw foods in summers. 34 -36 Third, higher temperatures may increase the chance of person-to-person contact, resulting in more people exposed to bacillary dysentery pathogens. 37 All these factors can contribute to more mortality and morbidity caused by bacillary dysentery and similar food-borne diseases.
The temperature in the previous 1 month has the greatest significant association with the number of monthly bacillary METEOROLOGICAL VARIABLES AND BACILLARY DYSENTERY dysentery disease cases. The ARIMAX model suggests that temperatures have already affected the transmission of bacillary dysentery in Changsha City, and a 1 C increase in temperatures may cause more than a 12% increase in the incidence. A 1-month time lag of the temperatures suggests that temperature could be used as an early forecasting factor of bacillary dysentery. This result is consistent with many other studies on meteorological variables and intestinal infectious diseases that have found an average lagged effect of 1 month. 2, 7, 10, 22, 38 The lagged period of 1 month in our study is biologically plausible and includes growth of the bacteria in an optimum environment, transmission through polluted food and water, time period from the onset of the intestinal infectious disease to the visit to the healthcare facility, laboratory diagnosis, and notification to the system. 21 We could not detect a clear association between bacillary dysentery and other climatic variables, including RF, MeanP, and MeanH, by the ARIMAX model, although the associations were statistically significant in the correlation analysis. This finding is similar to findings in Denmark, Australia, China, and Bangladesh, 2,10,38 -40 in that RF cannot affect bacillary dysentery directly. However, some studies of Pacific Islands report a dose-response relationship between RF and bacillary dysentery, suggesting that extremely high and low values of RF may lead to an increase in the number of cases. Low RF can be expected to interrupt water supply and contribute to poor environmental hygiene. 10 Other results in New Zealand and Vietnam also show that RF is a positive factor for bacillary dysentery. 14, 41, 42 MeanH, MeanP, and MaxW may affect the transmission of bacillary dysentery by influencing the reproduction and growth of Shigella bacteria. 7 They may also affect the contamination of drinking water, which affects the incidence of diseases. 9 Our single-factor correlation analysis has shown that MeanH and MeanP may be correlated with bacillary dysentery disease in Changsha City. This result is in partial concordance with the results from other cities in China. 7, 22 However, the association is not confirmed by the ARIMAX model. Given the interaction among the meteorological factors, it may be inappropriate to analyze them independently. There are very few studies examining the relationship between these two climate variables and food-borne diseases. More research is called for a better understanding of the association.
The ARIMAX model is a useful tool for dealing with the relationship between multiple meteorological factors and bacillary dysentery. Compared with the ARIMA model, the ARIMAX model has fewer limitations in the prerequisite of the selection of variables, and it is superior in controlling confounders, such as secular trends and seasonality, which makes the analysis and forecast more appropriate. It can efficiently examine the relationship between multiple meteorological factors and bacillary dysentery, allowing the analysis of the interaction between meteorological factors. The excellent goodness of fit of the regression models indicates that ARIMAX model could be an appropriate tool to quantify the relationship between multiple meteorological factors and bacillary dysentery. Some limitations of the study should be acknowledged. Meteorological variables are components of the causal network of bacillary dysentery, and they are neither necessary nor sufficient for the transmission of the infection. Socioeconomic factors (e.g., human behavior, preventive actions taken by the government, economics, and sanitary environment) could not be analyzed by this study because of a lack of data availability. In addition, we used monthly meteorological data in the analysis, which may diminish the temporal trend of climate factors and the relationship between meteorological data and bacillary dysentery, particularly in detecting the lagged effect. Daily or weekly data could be used in future studies if data are available. Although uncertainties exist, our study has provided evidence to support a positive association between temperature and numbers of cases of bacillary dysentery in a Chinese setting, which is consistent with the increasing diarrheal diseases associated with rising temperatures. 43 In conclusion, our study indicates that bacillary dysentery is mainly related to the temperatures in the study region in China.
Increasing temperature may bring more diarrheal disease burden in the tropical and subtropical areas in China. There are some public health implications of this study that practitioners and policymakers can use in response to the prevention and control of infectious diseases in a warming climate. In particular, consideration of local temperature variations should be integrated into the development of strategies or early warning systems for the prevention and control of bacillary dysentery to reduce the burden of disease related to rising temperatures.
